The International Programme on Chemical Safety (IPCS) is leading an activity to harmonize approaches to cancer risk assessment as a part of its larger project on the Harmonization of Approaches to the Assessment of Risk from Exposure to Chemicals. Through a series of workshops and the evaluation of case studies, a number of key components of risk assessments relating to harmonization were identified: transparency, terminology, weight of evidence, flexibility, and accessibility/communication. A major impediment to harmonization identified in the consideration of weight of evidence was the evaluation of mode of action. To address this need, a conceptual framework was developed, based on the general principles involved in considering the chemical induction of a specific tumor in animals. This is based partly on the Bradford Hill criteria for causality as modified by Faustman et al. (1997) for developmental toxicity. The framework is described in this paper followed by a worked example. It is recognized that the framework addresses only one stage in the overall characterization of hazard to humans of chemical carcinogens. Another important but separate step is the assessment of relevance to humans. This is a priority area for future work in this project. C
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INTRODUCTION/BACKGROUND
The International Programme on Chemical Safety (IPCS) is actively working on a project on the Harmonization of Approaches to the Assessment of Risk from Exposure to Chemicals. A priority area within this project relates to cancer risk assessment. The initial approach adopted to identify impediments in this area was to compare and contrast assessments carried out by different organizations in various countries (IPCS, 1995) . Through a series of workshops and the evaluation of case studies, a number of key components of risk assessments relating to harmonization were identified: transparency, terminology, weight of evidence, flexibility, and accessibility/communication. A major impediment to harmonization identified in the consideration of weight of evidence was the evaluation of mode of action. Differences in approaches were explored at an IPCS workshop where case examples, using specific chemicals to illustrate generic issues relating to mode of action, were discussed (IPCS, 1998) . A key concern was the criteria to be used when considering mode of action for the chemical induction of a specific tumor in a given animal species. This led to the development of a conceptual framework as a generic approach to this key issue, based partly on the Bradford Hill criteria for causality as modified by Faustman et al. (1997) for developmental toxicity.
This framework for evaluating a mode of action of chemical carcinogenesis is the subject of this paper. The applicability of the framework was tested at an IPCS workshop held in 1999 and attended by scientists from a wide range of relevant backgrounds who considered a number of carefully selected case examples (IPCS, 1999) . This led to some refinement of the framework. It was agreed that the next steps should be the widespread distribution and utilization of the framework to obtain feedback on its usefulness.
CURRENT USE
A number of national and international agencies are now using this framework when evaluating chemical carcinogens. These include the U.S. Environmental Protection Agency who have incorporated it into the proposal to revise their Cancer Risk Assessment Guidelines. Their external Science Advisory Board has provided a favorable review of this approach to the assessment of mode of action. In the United Kingdom, the framework is being used for pesticides and in other areas; the UK Advisory Committee on Pesticides has noted its value with regard to both harmonization between agencies and internal consistency. It is also currently being used by agencies in Australia and Canada. The European Union will be incorporating the framework into the technical guidance documents that are being updated on evaluating new and existing chemicals and biocides for health effects, including carcinogenicity. With regard to international activity, of particular note is its recent use by the WHO/FAO Joint Meeting on Pesticides Residues (JMPR) in its evaluation of pyrethrin extract and its incorporation into the resulting monograph. The use of the framework to evaluate the mode of action of pyrethrin extract is discussed later in this paper. In addition, an example is provided for clarity, following the presentation of the framework.
It is recognized that the framework will evolve with use and refinement. One of the purposes of this paper is to ensure its widespread distribution and consideration by those involved in the risk assessment of chemical carcinogens. The aim is to ensure that the general processes outlined in the framework are followed, rather than the rigorous use or formal adoption of identical subheadings to those given. An introduction describing the purpose and proposed use of the framework is given below followed by the framework itself.
PURPOSE OF THE FRAMEWORK
This framework provides a generic approach to the principles commonly used when evaluating a postulated mode of action for tumor induction by a chemical carcinogen. Thus, the framework is a tool which provides a structured approach to the assessment of the overall weight of evidence for the postulated mode of action. It outlines the thought processes involved in making use of mechanistic data in risk assessment in a structured way. In this context, a supported mode of action would have evidence provided by robust mechanistic data to establish a biologically plausible explanation. Mechanism of action, in contrast, relates to sufficient understanding of the molecular basis to establish causality; it is at the other end of the continuum from little or no evidence of mode of action to scientific proof of mechanism of action.
The support or rejection of the postulated mode of action for tumor induction by a chemical carcinogen in animals is a key step in the overall process of hazard characterization/risk assessment. Another key step, but done at a later stage in the overall process, is the assessment of relevance to humans. Understanding of the mode of action of a chemical carcinogen will contribute to the consideration of the human relevance of the animal findings.
The framework is designed to bring transparency to the analysis of a postulated mode of action and, thereby, promote confidence in the conclusions reached through the use of a defined procedure which mandates clear and consistent documentation of the facts and reasoning including inconsistencies and uncertainties in the available data. The framework analysis is a process and can be greatly aided by the presentation of tabular summaries of comparative data on the incidence of intermediate endpoints and tumors. It is also envisaged that the framework will be useful to both regulators and researchers in identifying research needs based on clear delineation of data gaps and inconsistencies.
The framework is not a checklist of criteria, but rather an analytical approach. The purpose of the framework is to provide an analytical approach to considering the weight of evidence for a mode of action in a given situation; it is not designed to give an absolute answer on what is sufficient information as this will vary depending on the circumstance. It is envisaged that the framework will be helpful in performing risk assessments of chemical carcinogens across all sectors (industrial chemicals, pesticides, food additives, etc.); in the resulting documentation, the analysis could be appropriately positioned before or within the hazard characterization section. It may be regarded as an essential precursor to any discussions of human relevance and dose-response relationships. The framework may also find use as a stand-alone analytical tool, and it is, therefore, important that the relevant studies on which the conclusions are based be fully referenced in the text of the framework analysis.
FRAMEWORK GUIDELINES: SUGGESTED SECTION HEADINGS
Introduction
This section describes the cancer endpoint or endpoints that have been observed and identifies which of these is addressed in the analysis. (The nature of the framework is such that only one mode of action is analyzed at a time; hence, for example, tumor types associated with a different mode of action, even if recorded in the same animals, will require separate framework analyses.) However, where different tumors are induced by related mode of action, they are best addressed in a single analysis. It should also be noted that most modes of action will involve multiple contributing components.
Postulated Mode of Action (Theory of the Case)
This section comprises a brief description of the sequence of events on the path to cancer for the postulated mode of action of the test substance. This explanation of the sequence of events leads into the next section which identifies the events considered "key" (i.e., measurable) given the database available for the analysis.
Key Events
This section briefly describes the "key events"-i.e., measurable events that are critical to the induction of tumors as hypothesized in the postulated mode of action. To support an association, a body of experiments needs to define and measure an event consistently. Pertinent observations are, e.g., tumor response and key events in same cell type, sites of action logically relate to event(s), increased cell growth, specific biochemical events, organ weight, histology, proliferation assays, hormone or other protein perturbations, receptorligand changes, DNA or chromosome effects, and cell cycle effects. For example, key events for tumors hypothesized to be associated with prolonged regenerative proliferation might be cytotoxicity as measured histopathologically and an increase in labeling index. As another example, key events for induction of urinary bladder tumors hypothesized to be due to formation of bladder stones composed primarily of calcium phosphate might include elevated urinary calcium, phosphate, and pH and formation of bladder stones followed by irritation and regenerative hyperplasia of the urothelium.
Dose-Response Relationship
This section should detail the observed doseresponse relationships and discuss whether the dose response for the key events parallels the dose-response relationship for tumors. Ideally, one should be able to correlate increases in incidence of a key event with increases in incidence or severity (e.g., lesion progression) of other key events occurring later in the process and with the ultimate tumor incidence. Comparative tabular presentation of incidence of key events and tumors is often helpful in examining dose response.
Temporal Association
This section should detail the observed temporal relationships or sequence of events and discuss whether the key events precede the tumor response. One should see the key events before tumor appearance; this is essential in deciding whether the data support the postulated mode of action. Observations of key events at the same time as the tumors (e.g., at the end of a bioassay) do not contribute to temporal association, but can contribute to analysis in the next section. Most often, complete data sets to address the criterion of temporality are not available.
Strength, Consistency, and Specificity of Association of Tumor Response with Key Events
This section should discuss the weight of evidence linking the key events, precursor lesions, and the tumor response. Stop/recovery studies showing absence or reduction of subsequent events or tumor when a key event is blocked or diminished are particularly important tests of the association. Consistent observations in a number of such studies with differing experimental designs, increases that support since different designs may reduce unknown biases or confounding. Consistency, which addresses repeatability of key events in the postulated mode of action for cancer in different studies is distinguished from coherence, however, which addresses relation of the postulated mode of action with observations in the broader database (see Point 7).
Pertinent observations are, e.g., tumor response and key events in same cell type, sites of action logically relate to event(s), initiation-promotion studies, and stop/ recovery studies.
Biological Plausibility and Coherence
The postulated mode of action and the events that are part of it need to be based on current understanding of the biology of cancer to be accepted, though the extent to which biological plausibility as a criterion against which weight of evidence is assessed is necessarily limited, due to considerable gaps in our knowledge in this regard. One should consider whether the mode of action is consistent with what is known about carcinogenesis in general (biological plausibility) and in relation to what is also known for the substance specifically (coherence). For the former, likeness of the case to others for structural analogues may be informative (i.e., structure-activity analysis). Additionally, this section should consider whether the database on the agent is internally consistent in supporting the purported mode of action, including that for relevant noncancer toxicities. Some modes of action can be anticipated to evoke effects other than cancer, e.g., reproductive effects of certain hormonal disturbances that are carcinogenic. Moreover, some modes of action are consistent with observed lack of genotoxicity. Coherence, which addresses relation of the postulated mode of action with observations in the broader database-for example, association of mode of action for tumors with that for other endpoints-needs to be distinguished from consistency (addressed in Point 6 above) which addresses repeatability of key events in the postulated mode of action for cancer in different studies.
Other Modes of Action
This section discusses alternative modes of action that logically present themselves in the case. If alternative modes of action are supported, they need their own framework analysis. These should be distinguished from additional components of a single mode of action which likely contribute to the observed effect, since these would be addressed in the analysis of the principal mode of action.
Assessment of Postulated Mode of Action
This section should include a clear statement of the outcome with an indication of the level of confidence in the postulated mode of action-e.g., high, moderate, or low.
Uncertainties, Inconsistencies, and Data Gaps
Uncertainties should include those related to both the biology of tumor development and the database on the compound of interest. Inconsistencies should be flagged and data gaps identified. For the identified data gaps, there should be some indication of whether they are critical as support for the postulated mode of action or simply serve to increase confidence therein.
NEXT STEPS
It was recognized that the framework only addresses one stage in the overall characterization of the hazard of chemical carcinogens to humans. Another important, but separate step, is the assessment of relevance to humans. The IPCS Harmonization Steering Committee has given this next step the highest priority for further work in the cancer area. It is currently being taken forward by IPCS in cooperation with international partners.
CONCLUSIONS
The strength of this overall effort lies in the fact that the issues were identified and developed through a stepwise and participatory process. The workshops included participants from the many disciplines involved with risk assessment and the entities that incorporate risk assessment into their decision-making processes. As the framework was initiated and began to take shape, the objective became to refine the approach proposed and to explore its applicability as a tool in risk assessment and in identifying research needs.
Throughout the development of the framework, the role of scientific judgment and the need for flexibility in the risk assessment process was recognized. The approach must be designed to cover those situations where there are limited data as well as for data-rich chemicals. The risk assessment process is iterative and as increased scientific data become available, the more the weight-of-evidence considerations can move along the mode of action → mechanism of action continuum (with a parallel decrease in level of uncertainty). It is not the purpose of the framework to give an absolute answer of what constitutes sufficient information or data as this will vary depending on the circumstances.
APPLICATIONS
The framework was used at a 1999 Joint Meeting on Pesticide Residues (JMPR) and was seen as a useful tool. The following is an excerpt from Appendix 1 of the JMPR report (WHO, 2000) . This framework . . . was used at the 1999 JMPR as a tool to provide a structured approach to the assessment of the overall weight-of-evidence for the postulated mode of action of increased incidences of benign tumours of the skin, liver, and thyroid in rats and a treatment related effect on the incidence of lung tumours in mice observed after long-term administration of pyrethrins.
Summarizing, the meeting concluded that the increased tumour incidences caused by pyrethrins are threshold phenomena of negligible relevance to the low doses to which humans are exposed and that pyrethrins have no genotoxic or mutagenic potential. Therefore, no classification is necessary. However, additional studies are required.
The discussion of the postulated modes of action for tumour induction by pyrethrins was a helpful step in the overall process of hazard characterization/risk assessment. The discussion of the postulated modes of action of pyrethrins has contributed to the consideration of the low human relevance of the animal findings. The application of the framework has also promoted confidence in the conclusions reached through the use of a defined procedure which mandates a consistent documentation of the facts and reasoning including inconsistencies and uncertainties. It was felt that the framework can be developed to be useful to researchers in identifying research needs based on clear delineation and inconsistencies.
A full example using the framework is provided as an annex to this paper.
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Annex: Framework for Mode of Action Analysis Thyroid Disruption Example-Thiazopyr
Evaluations of mode of action information will ordinarily appear before or within the hazard characterization section of a risk assessment. Thus, the empirical data on which the evaluation is based will be associated with it in a natural progression. Since this example is given outside of a risk assessment, the basic data that underlie the evaluation are outlined in an appendix for reference as this example is reviewed. C 2001 Academic Press
SUMMARY DESCRIPTION OF POSTULATED MODE OF ACTION
Thyroid hormone production is regulated by actions of the hypothalamus, pituitary, and thyroid gland. Homeostasis of thyroid hormone is maintained by a feedback loop between the hypothalamus and pituitary and the thyroid gland. The hypothalamus produces thyrotrophin-reducing hormone (TRH) which stimulates the pituitary to produce thyroid-stimulating hormone (TSH) which, in turn, stimulates the thyroid to produce thyroid hormone. The hypothalamus and pituitary respond to high level of circulating thyroid hormone by suppressing TRH and TSH production and to a low level by increasing them. The mode of action considered is continuous elevation of TSH levels that stimulates the thyroid gland to deplete its stores of thyroid hormone and continues to push production resulting in hypertrophy of the production cells (follicular cells) leading to hyperplasia, nodular hyperplasia, and, eventually, tumors of these cells. In rats, the chain of events may be induced by direct effects on hormone synthesis or by metabolic removal of circulating hormone.
KEY EVENTS
The key events considered with respect to Thiazopyrinduced tumorigenesis in male rats include hormone changes in TSH, T 4 , and T 3 ; changes in hepatic T 4 -uridine diphosphate glucuronosyl transferase (UDPGT), protein perturbations, increased biliary excretion of T 4 , increase in thyroid weight and liver weight, and thyroid follicular cell hypertrophy/ hyperplasia. These events have been well defined and measured in male rats in subchronic studies augmenting observations at interim and terminal sacrifice in a chronic study. The rats were dosed in the diet in a subchronic study (7, 14, 28, 56, and 90 days of treatment) at the highest dose (3000 ppm) at which thyroid tumors were previously observed in a chronic study. In a second study, groups were dosed at 10, 30, 100, 300, 1000, and 3000 ppm for 56 days. Additional groups were treated at 3000 ppm for 56 days followed by recovery on a normal diet for 56 to 112 to measure reversibility of effects. In a third study, groups were treated with 3000 ppm for 56 days after which effects were measured.
DOSE-RESPONSE RELATIONSHIP
Key events in the 7-to 90-day, 3000 ppm male rat study progress in time (dose duration) from hormone changes to tissue and organ effects. Since this study was conducted at only one high dose, correlations with dose level are not observable. Observation of thyroid follicular cell hypertrophy/hyperplasia and thyroid weight increases correlated between this study and the 2-year bioassay in male rats at the high dose (interim and terminal sacrifice).
In the multidose study, after 56 days of treatment, a dose-related increase in liver weight was observed at 300, 1000, and 3000 ppm and in thyroid weight at 1000 and 3000 ppm. At 3000 ppm in this study, T 4 was depressed, while T 3 , reverse T 3 (rT 3 ), and TSH were statistically significantly elevated. At 1000 and 3000 ppm, hepatic T 4 -UDPGT was statistically significantly elevated with a correlative increase in biliary elimination of 125 I-labeled T 4 . Measures of all key events, except thyroid weight, reversed to normal after return of the animals to zero dose, normal diet for 112 days.
The dose-response findings for the key events showed that the effects occurred at the highest doses. This correlates with the chronic study finding of tumors at only 3000 ppm.
TEMPORAL ASSOCIATION
The chronic study together with the three subchronic studies of key events observing effects after different durations at one dose, at multiple doses, and after recovery show events occurring in the following sequence: (1) Increase in hepatic glucuronidation, deiodination, and excretion of T 4 , as well as its elimination from the blood; (2) a rise in circulating TSH; (3) an increase in thyroid weight and thyroid follicular cell hypertrophy; (4) thyroid follicular cell hyperplasia; and (5) thyroid follicular cell tumors. The stop experiments indicate reversal of the thyroid and liver weight increases as well as reversal of hormone and other protein measures. While reversal of thyroid weight increases in the recovery study was less after a longer duration of treatment, hypertrophy/hyperplasia did reverse after the longer duration.
STRENGTH, CONSISTENCY, AND SPECIFICITY OF ASSOCIATION OF TUMOR RESPONSE WITH KEY EVENTS
The thyroid tumor response in the chronic study at the highest dose was associated with hypertrophy/ hyperplasia in the thyroid and increase in weight of the thyroid. In subchronic studies, the organ weight and hypertrophy/hyperplasia were shown to appear and reverse under the same conditions of dose and time as the appearance and reversal of changes in thyroid hormone levels and thyroid hormone metabolism to statistically significant degree. Stop/recovery studies showed that cessation of dosing was followed in turn by return of hormone levels to control levels, reduction in liver and thyroid weights, and reversal of hyperplasia in thyroid follicular cells. The only sign slow to reverse was thyroid weight after the longest dosing period. Strength, consistency, and specificity of association were well established in the studies.
BIOLOGICAL PLAUSIBILITY AND COHERENCE OF THE DATABASE
Thiazopyr is not mutagenic. The measured key events and their effects, as well as effects of reversal of the events, are consistent with what is known about the regulation of thyroid hormone balance and the postulated carcinogenic mode of action as summarized above. The observations of organ and cell effects of imbalance of the events are consistent with theory and observation in other instances of the carcinogenic effect of sustained cell growth under continuous growth stimulus by endocrine signals. In particular, Thiazopyr appears to act by inducing hepatic metabolism and biliary elimination of thyroid hormone prompting increased production of TSH which ultimately results in thyroid follicular cell neoplasia as postulated.
Thyroid tumorigenesis, particularly in the male rat, has been observed to be associated with exposure to a number of pesticides and pharmaceuticals. A pattern of thyroid organ growth, frequently liver organ growth, thyroid hormone changes, or changes in hormone metabolism has been seen with a large proportion of these compounds. Thiazopyr effects are parallel to these other cases.
Thyroid tumors did not appear in the female rats in the 2-year study, Thyrotrophy and hyperplasia were observed in the females with a 6-month lag after their appearance in the male. The female is apparently more tolerant of thyroid disruption; one wonders whether tumors would have been seen in the females if the 2-year study had been extended.
There is not as yet a structural activity pattern that can be used predictively for thyroid disruptors.
The observation of renal adenomas in male and female rats is not accounted for by the thyroid mode of action. The significance of these tumors for cancer assessment needs separate analysis.
APPENDIX Data Available
Data include a rat chronic/carcinogenicity feeding study, a mouse carcinogenicity study, a 1-year dog feeding study, a subchronic feeding study in the rat, a 4-week and 1-year subchronic feeding study in the dog, a 21-day dermal study in the rat, developmental toxicity studies in the rat and rabbit, a two-generation reproduction study in the rat, mutagenicity studies, and metabolism and special subchronic mechanistic studies.
The rats were dosed in the diet in a subchronic study (7, 14, 28, 56 , and 90 days of treatment) at the highest dose (3000 ppm) at which thyroid tumors were previously observed in a chronic study. In a second study, groups were dosed at 10, 30, 100, 300, 1000, and 3000 ppm for 56 days. Additional groups were treated at 3000 ppm for 56 days followed by recovery on a normal diet for 56 to 112 to measure reversibility of effects. In a third study, groups were treated with 3000 ppm for 56 days after which effects were measured.
Tumor Observations
Sprague-Dawley Rats-60 Animals per Dose Group
Dosage in males and females: 0, 1, 10, 100, 1000, 3000 ppm 
Interim Sacrifices
• 10/sex/dose level at 12 months; • 6/sex/dose level at 6 and 12 months for hepatocellular proliferation study.
Interim Observations
• Body weight, food consumption, clinical signs, ophthalmology, hematology, clinical biochemistry, urinalysis, histopathology.
Tumor Response
• Males -Statistically significant trends (P < 0.01, Exact test) for thyroid follicular adenomas/cystadenomas, carcinomas, and combined adenomas/cystadenomas and/or carcinomas at the two highest doses, 1000 and 3000 ppm; -Renal tubular adenomas at mid-doses, not statistically significant.
• Females -No statistically significant thyroid tumor response; -Renal tubular adenomas at high dose.
Mutagenicity
Negative results were seen in four strains of Salmonella with or without metabolic activation; a negative result, in an assay of forward mutation of HGPT locus of Chinese hamster ovary cells (dosing probably not sufficient); negative results, in a mouse bone marrow micronucleus assay; and negative results, in an assay for unscheduled DNA synthesis in rat hepatocytes pretreated with Thiazopyr. The compound does not have a structure that suggests electophillicity. (Hotz et al., 1996) No significant differences in final body weight appeared between controls and treated animals; reduced cumulative weight gain at was seen at 90 days at the highest dose, consistent with MTD.
Body and Organ Weights
A significant time-dependent increase in absolute liver weights appeared in 7 days in 3000 ppm study. Dose-related increases were seen in liver weights at the three highest doses in a multidose study after 56 days. Animals removed from a high-dose group at 56 days and maintained on control diet showed return to control liver weight after 56 and 112 days of additional observation.
Significant thyroid weight increases at all time points with a slight increase in labeled iodine in the thyroid of treated animals versus controls. Animals removed from a high-dose group as above with respect to liver weight showed return to near control thyroid weight, but only slowly at the highest dose. Thyroid follicular cell hypertrophy/hyperplasia was prominent at all time points, but not observed 56 or 112 days after animals were removed from treatment at 56 days.
In the 2-year study both males and females showed increases in liver, thyroid, and kidney weight at 12 months and terminal sacrifice. Both sexes also showed hepatocellular hypertrophy and significant thyroid follicular hypertrophy/hyperplasia at the high doses. First observations of thyroid hypertrophy and hypertrophy/ hyperplasia in the female were at 52 and 93 weeks of study. The first observations in the male were at 27 and 52 weeks. (7-, 14-, 28-, 56-, and 90-Day Observations at 3000 ppm in Male Rats) (Hotz et al., 1996) TSH levels in the serum were increased at all time points, but at 14 days the increase was not statistically significant. Levels returned to normal 56 days after being switched from treated to normal diet and were slightly lower that controls after 122 days of normal diet.
Thyroid Hormone and TSH
T 4 levels were significantly below controls at all time points, and when treatment was stopped after 56 days, they began to increase to control levels at 56 and 122 days later. T 4 was cleared from the blood and bile almost twice as fast in treated animals.
T 3 levels were significantly increased only at 28 days and returned to control levels 112 days after treatment was stopped at 56 days.
rT 3 was measured only at 28 days and was increased 1.5-fold over control levels and, when treatment was stopped at 56 days, decreased to control levels 112 days later.
T 4 -Hepatic UDPGT
Activities of the enzyme were increased significantly over controls at all time points, activities decreased to near control levels when treatment was stopped at 56 days, and activities were measured 56 and 112 days later.
Hepatic Deiodinase Activity
No specific effect was observed on hepatic deiodination of T 4 to T 3 .
